The aromatic/anti-aromatic behavior of the cyclopentadienyl anion (Cp -), bis(η 5 -cyclopentadienyl)iron(II) (Fe(Cp) 2 ), as well as of the Jahn-Teller (JT) active cyclopentadienyl radical (Cp • ) and bis(η 5 -cyclopentadienyl)-cobalt(II) (Co(Cp) 2 ) were investigated using density functional theory (DFT) calculations of the nuclear independent chemical shifts (NICS). According to the NICS values, pentagon ring in Fe(Cp) 2 is more aromatic than that of the isolated Cp -. The NICS parameters were scanned along the Intrinsic Distortion Path (IDP) for Cp
INTRODUCTION
Aromaticity, an intuitive concept in chemistry and physics, is considered as a property of systems that are thermodynamically stabilized due to cyclic electron delocalization. The delocalized electronic structure of aromatic compounds yields enhanced planarity, equalized bond lengths, enhanced stability due to the resonance, favoring substitution instead of addition that would be typical for isolated double bonds, and the ability to sustain ring currents when exposed to external magnetic fields. Contrary to the concept of aromaticity, the Jahn-Teller (JT) effect 1,2 induces unequalization of bond lengths, leading to the stabilization 878 ANDJELKOVIĆ et al. of a system upon distortion. The connection of aromaticity and the JT effect is of utmost importance, since both effects have been very useful in the characterization and interpretation of the structure, stability and reactivity of many molecules. For this reason, computational chemists seek the origin, explanation and understanding of these two phenomena. According to The Hückel molecular orbital (MO) theory, 3, 4 species with 4n + 2 π electrons are aromatic, whereas structures with 4n π electrons are defined as anti-aromatic. Structures with 4n+1 π electrons with unpaired electrons in degenerate orbitals are JT active species, and are supposed to show anti-aromaticity. [5] [6] [7] [8] Bearing in mind that the JT theorem states that a molecule with a degenerate ground electronic state distorts along non-totally symmetric vibrational coordinates, and in such a way removes the degeneracy and lowers the energy, the question naturally arises: How does the JT distortion influence the aromaticity/anti-aromaticity? Although it is well known that different criteria of aromaticity may lead to different overall conclusions, 9 nucleus-independent chemical shifts (NICS) provide a widely accepted quantitative measure of aromaticity/anti-aromaticity. 10, 11 Furthermore, a scan of the NICS parameters along the intrinsic distortion path (IDP) [12] [13] [14] was found to be the method of choice in the analysis of the aromatic behavior of JT active species, 7, 8, 15 since the distortion path provides direct insight into the microscopic origin, mechanism and consequences of distortion. 13, 14 А detailed density functional theory (DFT) computational analysis was performed to investigate the aromaticity of the cyclopentadienyl anion (Cp -), bis(η 5 --cyclopentadienyl)iron(II) (Fe(Cp) 2 ), the cyclopentadienyl radical (Cp • ) and bis-(η 5 -cyclopentadienyl)cobalt(II) (Co(Cp) 2 ). In spite of their relatively simple composition, the aromaticity of the JT active Cp
• and Co(Cp) 2 have not been fully rationalized so far. Therefore, the aim of this work was also to understand the influence of the JT effect on the aromatic behavior of these species. The NICS were determined for the reference non-JT active species, Cp -and Fe(Cp) 2 , and molecules prone to the JT effect, Cp
• and Co(Cp) 2 . In order to preserve chemically important features, an analysis of the full NICS profile of Cp
• and Co(Cp) 2 along the IDP was performed.
METHODOLOGY
All the DFT calculations were realized using the Amsterdam Density Functional program package, ADF2013.01. [16] [17] [18] Geometry optimization of all the investigated molecules was performed using the local density approximation (LDA) characterized by the Vosko-Willk--Nusair (VWN) parametrization, 19 as well as using general gradient approximations (GGA), such as BP86, 20,21 PW91, 22 OPBE, 23 and S12g, 24 and hybrids B3LYP 25, 26 and S12h. 24 All electron triple-zeta Slater-type orbitals (STO) plus one polarization function (TZP) basis set were used for all atoms. All calculations were spin-unrestricted. Analytical harmonic frequencies 27, 28 were calculated in order to ascertain that the low symmetry (LS) structures correspond to the stationary points on the potential energy surfaces. Calculations of the NICS values were performed at the B3LYP/6-311+G* level of theory using the Gaussian 09W JAHN-TELLER EFFECT AND AROMATICITY 879 program package using LDA optimized geometries. 21, [29] [30] [31] The NICS parameters were calculated for ghost atoms located at the center of Cp -and Cp
• . In order to obtain the full profile of aromatic/anti-aromatic behavior, calculations of the NICS parameters were performed from 0 Å to 5 Å, in steps of 0.5 Å. In order to avoid the influence of the magnetic field of the central metal ion in metallocenes, the first NICS value was calculated 1 Å above the metal ion along the z-axis. For JT active species in a high symmetry (HS) nuclear arrangement, the NICS values were calculated imposing HS (D 5h ) nuclear arrangement and LS (C 2v ) of electron density. The NICS parameters for JT active species, Cp
• and Co(Cp) 2 , were scanned along the IDP.
Intrinsic distortion path -IDP
The IDP method [12] [13] [14] is based on the fact that all the information about the vibronic coupling at the HS nuclear arrangement is also contained in the distorted LS minimum energy structure. Hence, the distortion is given as a superposition of all totally symmetric normal modes in the LS point group, linking the HS configuration with the LS structure. Every point on the potential energy surface can be represented by a 3N dimensional vector, N being the number of atoms, X R  , using mass-weighted generalized coordinates relative to the origin. The geometry of the LS energy minimum obtained by DFT calculations was chosen to be the origin of the configuration space, LS 0 R =  . Within the harmonic approximation, it is possible to express X R  as a linear combination of N a1 totally symmetric normal coordinates in the LS:
where ω Xk are weighting factors that represent the contribution of the displacements along the different totally symmetric normal coordinates to X R  ; k Q  are mass-weighted totally symmetric normal coordinates, which are the eigenvectors of the Hessian, obtained from the DFT frequency calculations in the LS minimum energy conformation. The corresponding eigenvalues are λ k .
Within this model, the energy of any nuclear configuration X R  , E X , relative to the LS energy minimum, is expressed as the sum of the energy contributions of all the LS totally symmetric normal modes:
The force at any given point ( X R  ), Xk F  is defined as a derivate of the energy over Cartesian coordinates and in the HS point, it indicates the main driving force for the JT distortion. The total force is represented as a vector sum of the individual forces:
where M is a diagonal 3N×3N matrix with atomic masses in triplicate as elements (m 1 , m 1 , m 1 , m 2 ,…, m n ), and enables the calculation of the IDP exactly from the HS to the LS point. The above details about IDP can be found elsewhere. [12] [13] [14] 880 ANDJELKOVIĆ et al.
RESULTS AND DISCUSSION
The planar Cp -in its singlet state with D 5h symmetry was optimized using several different levels of theory. All chosen exchange correlation (XC) functionals reproduced experimental geometrical parameters with sufficient accuracy, 32 Table I . The Fe(Cp) 2 molecule has two possible conformations, eclipsed D 5h and staggered D 5d . According to previous studies, the D 5h conformation is the global minimum on the potential energy surface. [33] [34] [35] [36] [37] [38] The calculated bond lengths, Table I , are in excellent agreement with the experimental data, 39 and with earlier theoretical investigations. 40 Since all the functionals reproduced geometrical parameters with good accuracy, the NICS were computed at the B3LYP/ /6-311+G* level, using geometries obtained with the simplest LDA functional.
Calculated NICS values for Cp -and Fe(Cp) 2 are given in Table II . Previous sophisticated computational studies provide a rather satisfactory insight into the nature of the aromaticity of Cp -and revealed that Cp -is aromatic, which is in accordance with the herein presented results. [41] [42] [43] [44] [45] [46] It is important to emphasize that the NICS parameters for Cp -were computed at the center of the pentagon and at various distances from the center of the ring. In the case of Fe(Cp) 2 , the starting point for the NICS calculation was 1 Å above the central metal ion following the z-axis. The NICS value calculated at 1.6 Å represent the NICS in the center of the pentagon ring of the cyclopentadienyl ligand. According to the results, both molecules show aromatic character, and Fe(Cp) 2 is more aromatic, Available on line at www.shd.org.rs/JSCS/ It is worth noting that Cp • and Co(Cp) 2 have a hole and an unpaired electron, respectively, in a doubly degenerate highest occupied molecular orbital. Since it was previously shown that the eclipsed conformation is more stable and the JT effect does not depend on the rotation of the rings, 51 the discussion will be limited only to Co(Cp) 2 in the eclipsed conformation. The ground electronic state of the investigated species in D 5h symmetry is 2 E 1 ″, which couples with the doubly degenerate vibration, e 2 ′. According to group theory considerations, the descent in symmetry goes from the D 5h to the C 2v point group, and thus, the state 2 E 1 ″ splits into 2 A 2 and 2 B 1 . The average bond distances for the distorted LS structures of Cp
• calculated at different levels of theory are consistent, Table I . The calculated bond lengths for Co(Cp) 2 are in accordance with experiments, 50 regardless of the choice of selected XC functional, Table I . Recently, the JT distortion in these molecules was analyzed in detail using a multideterminental DFT approach and the IDP method. 12, 14, [51] [52] [53] The calculated JT parameters of Cp
• and Co(Cp) 2 using a multideterminental DFT approach are given in Table  III . The results for Cp
• obtained by Miller et al., who used dispersed fluorescence spectroscopy, are considered to be the benchmark (E JT = 1237 cm -1 ). 54 The pre-882 ANDJELKOVIĆ et al. sent calculations at the LDA level gave a value of 1244 cm -1 , which is in great accordance with the experimentally obtained one, although all other XC functionals also give satisfactory results, Table III . The values of the JT stabilization energies in Co(Cp) 2 , Table III , are in agreement with the value of 1050 cm -1 estimated from its solid state EPR spectra. 55 For both investigated JT active molecules, the warping barrier is close to zero, independent of the level of theory (Table III) . The different ground states obtained by different XC functionals (Table III) are due to the very small warping barriers, which are within the range of the accuracy of the calculation. Furthermore, IDP analysis gave a deeper insight into the vibronic coupling in these JT active molecules. 14, 53 In both molecules, it is possible to distinguish two distinct regions on the potential energy profile. In the first region, the energy changes faster, and most of the E JT is achieved after 40 % of the path. In the second region, the change of the energy is small, the adiabatic potential energy surface is flat and the molecule just relaxes towards the global minimum. Three vibrations are most important for the distortion in Cp: C-C stretch, C-C-C bend, and C-C-H bend. These three modes were experimentally found to be the most significant. 54 In the case of Co(Cp) 2 , the out-of-plane ring deformation and C-H wagging (the out-of-plane C-H bending), are the most important for the JT distortion. Although the JT effect in Cp and Co(Cp) 2 has often been studied, [54] [55] [56] the influence of the vibronic coupling on their aromatic character has not been investigated. The question is whether the distortion has a significant impact on the change of aromaticity. In Cp • and Co(Cp) 2 , the degeneracy of the 2 E 1 ″ state is broken by the JT distortion that stabilizes the system. Therefore, the NICS parameters were computed at the LDA optimized geometries for both the HS and LS points on the potential energy surfaces. Observing the NICS values at the HS point of Cp
• , a high anti-aromatic character is noticeable, Table IV. The calculated parameters for the global minimum of Cp
• show that it still possesses anti-aromatic character, 5 but much weaker than in the HS point, Table IV . Moving from the center of the pentagon ring along the z-axis, the NICS indices decrease. In the case of Co(Cp) 2 , it is evident that molecule at the HS point has high anti-aromatic character, Table V. In the global minimum structure, Co(Cp) 2 shows σ aromaticity and π anti-aromaticity according to the NICS and NICS zz values, Tables IV and V. Since dependence of the NICS parameters on the distortion,
, and distances (Å) from the center of the molecules gives a more detailed picture, the NICS parameters were monitored along the IDP path for Cp
• and Co(Cp) 2 , Fig. 1  and 2 , respectively. The NICS parameters were scanned only for the 2 B 1 state, since those computed for the 2 A 2 state were almost the same. Due to the nontotally symmetric electron density, both molecules in D 5h possess strong antiaromatic character. Near the point of electron degeneracy, i.e., near the HS nuclear arrangement, the HOMO-LUMO gap is substantially small, thus the NICS parameters have large positive values in the first region of the IDP (Figs. 1 and 2). Going toward the global minimum point on the potential energy surface, the NICS values decrease and hence, the initially strong anti-aromatic character lowers, and finally, in the case of Co(Cp) 2 , the NICS indices become negative, Figs. 1 and 2. It is worth noting that the negative NICS values in Co(Cp) 2 occur after 40 % of the IDP, where most of the JT stabilization is attained. The driving force responsible for the removal of orbital degeneracy leads to an enlargement of the HOMO-LUMO gap. Considering Cp 2 , an abrupt decrease in the NICS parameters was observed until a distance of 1.7 Å (center of pentagon ring), Fig. 2 . Going even further, the NICS parameters show a smooth decreasing trend, as expected. 
CONCLUSIONS
Aromaticity is one of the oldest and most fundamental concepts in chemistry. The nature of aromatic compounds is very attractive, thus these species are among the most desirable synthetic targets. Since aromaticity is still awaiting comprehensive investigation, a detailed analysis of the NICS parameters, as one of the most widely used and efficient magnetic criteria, was performed in Cp -, Fe(Cp) 2 , Cp
• and Co(Cp) 2 by the means of DFT. The calculations revealed that Cp -and Fe(Cp) 2 are highly aromatic molecules. According to the NICS, the Cp -ring in Fe(Cp) 2 is far more aromatic than the isolated Cp -, showing the impact of the Fe 2+ . In other words, these results would be highly attractive in applied sciences for the design of new advanced materials with desired properties, and the understanding of electronic structure, chemical bonding and properties in a moiety of aromatic species.
A thorough study of the influence of the JT effect on the aromaticity is presently of the utmost importance due to the increasing development of material chemistry, and substantial differences in aromatic/anti-aromatic behavior of JT active molecules. Thus, finding a method of choice to determine both chemically relevant phenomena is essential since they lead to the different reaction pathways 886 ANDJELKOVIĆ et al. and the connection of aromaticity and vibronic coupling demands tremendous caution. For this purpose, the monitoring of the NICS along the IDP was performed. Similarly to the previous studies, 7, 8, 15 the anti-aromaticity decreases with increasing deviation from the high symmetry D 5h structures to the low symmetry C 2v global minimum structures, confirming that the JT distortion represents a mechanism for reducing anti-aromatic character. In the LS structure of Co(Cp) 2 , the NICS become even negative, revealing aromatic character, in contrast to Cp
• .
